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Abstract The present work is devoted to the experi¬ 
mental study of torrefaction of com-stover. This biomass 
was processed in a high capacity thermobalance which can 
accept a load of approximately 500 g. It allows not only 
following the weight of the biomass under investigation as 
a function of time (or temperature) but also to collect and 
analyze the by-products of the thermal degradation (p-GC 
for gas, HPLC for tars). Torrefaction is expected to be of 
main concern in the preparation of biomass for energy 
production or for conversion of biomass into liquid fuels. 
This is one of the reason why this process has been widely 
studied in the case of wood in the literature. However, so 
few studies exist on the torrefaction of agricultural residue 
which could play an important role in the above mentioned 
fields. The purpose of the present work is to give insights 
on the transformation of corn stover (which is an important 
by product of corn) undergoing an operation of torrefac¬ 
tion. To do so, the influence of operational conditions 
(temperature, residence time, heating rate, weight of sam¬ 
ple) on the yield and composition of by-products was 
studied with a factorial design. It is shown that the main 
gaseous products are carbon monoxide and dioxide while 
tars are mainly composed of acetic acid and formaldehyde. 
It is also shown that the discriminant operating parameter 
in corn stover conversion is the temperature. 
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Introduction 

Torrefaction of biomass can be described as a slow pyro¬ 
lysis at atmospheric pressure in a temperature range 
between 220 and 280 °C. Its main goal is to produce a dry 
solid, with a higher heating value than the initial biomass 
and which can be stored without taking back any moisture 
content (the produced solid is hydrophobic). Also, an 
important feature of this product is that it can be easily 
grinded as required to a powdery fuel. The main expected 
use of this torrefied biomass is combustion in boilers 
(either at large scale when it is reduced to powder by a 
grinding step or directly for lower capacity boilers) or as a 
feedstock for biomass to liquid process [1-3]. 

Corn is one of the most commonly grown cereals in the 
world. Corn stover is a residue of com once the grain has 
been collected. It is composed of the cane, leaves and 
shucks (encasement surrounding the cob) and actually not 
valorized to its full extent. The main goal of this work is to 
study the behavior of corn stover during torrefaction in 
order to make this residue a potential feedstock for ener¬ 
getic applications. The main purpose consists in qualifi¬ 
cation and quantification of the byproducts obtained after 
the torrefaction process as a function of the working 
parameters of the operation [4]. 

This analysis is performed using in a high capacity 
thermobalance (conceptually similar to a commercial TGA 
system) which is fully linked to two analytical systems (gas 
chromatography and high performance liquid chromatog¬ 
raphy). It allows following mass losses of the samples 
under investigation as well as the composition and 
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quantification of the permanent (non condensable) gases 
and tars resulting from thermal. The influence of the 
parameters has been investigated using a fractional exper¬ 
imental design based on the analysis of the variance 
(ANOVA). Such a design allows the determination of the 
relevant operating parameters of the process. 

Materials and Methods 

Corn Stover 

The properties of the corn stover used in our experiments 
are reported in Table 1. The initial moisture content of the 
samples is 12.1 %. Samples have been grinded and sieved 
in a first step to a resulting average particle size of one 
millimetre (Fig. 1). Noteworthy that the carbon content is 
high (which is of importance dealing with energetic 
application) as well as its ash and hemicellulose contents. 

High Capacity Thermobalance 

The experimental set up is conceptually equivalent to a 
commercial thermobalance, but it can accept a load of up to 
1 kg of biomass, depending upon its density. Basically, the 
device is firstly composed of a furnace that can reach up to 
850 °C. This commercial furnace has been made airtight in 
order to avoid leakages of volatile matter produced during 
pyrolysis, and in order to quantify this production. A bas¬ 
ket, placed in the furnace which receives the feedstock to 
be pyrolysed. The basket is supported by a balance placed 
outside of the furnace in a tight box, cooled by a nitrogen 
flow which in turn enters the furnace through the legs of the 
basket establishing the mechanical connection with the 
balance. The biomass is inserted in the furnace prior to any 
heating of the device, which means that it is heated pro¬ 
gressively in the furnace. This balance allows the recording 
of the mass of the sample held within the basket during the 


Table 1 Properties of the corn stover under study 


Elemental analysis (% mass) 

C (XP CEN/TS 15104) 

47 

H (XP CEN/TS 15104) 

5 

N (XP CEN/TS 15104) 

0.5 

O (par difference) 

40 

Ash (XP CEN/TS 14775) 

6.5 

Molecular analysis (% mass) 

Hemicellulose 

26 

Cellulose 

41 

Lignin 

6 

LHV (dry) 

17,170 J/g 



Fig. 1 Corn stover used in the study after grinding and sieving 

experiment. The furnace itself is also fed with a nitrogen 
flow in order to drag the product of pyrolysis outside of the 
furnace. Thanks to an electrical heater (EC101, Fig. 2) the 
temperature of the nitrogen supply is controlled so that it is 
equal to the actual temperature of the furnace. The gas 
leaving the furnace (composed of the incoming nitrogen 
and the products of pyrolysis) leaves the furnace in a pipe 
(heated to 250 °C using an electrical heating cable) and 
then it enters a condenser where tars are condensed and 
collected. After the condensing stage, the resulting gas is 
routed towards a filter where aerosols are separated from 
the gas and collected. Uncondensable gases are analyzed 
using gas chromatography. Figures 2 and 3 show a scheme 
as well as two photos of the overall equipment. 

Analysers 

Tars collected after condensation were analysed using a high 
performance liquid chromatography (HPLC), following the 
protocol developed by Prins et al. [5]. Once they have been 
filtered, tars are introduced within the HPLC composed of a 
column Hi-Plex-H (Varian) and a refractometre. The overall 
device had been calibrated for quantification of formalde¬ 
hyde, formic acid, acetic acid, lactic acid, hydroxy acetone, 
acetaldehyde, methanol, phenol and furaldehyde [4]. 

Uncondesable gases were quantified using a micro 
chromatography device (Varian CP-4900) and which 
allowed quantification of hydrogen, oxygen, nitrogen, 
carbon monoxide and dioxide, methane, ethane, and eth¬ 
ylene within the exhaust gases. The analyses were per¬ 
formed every 5 min once the experiment has started [4]. 

Experimental Design 
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The influence of operating parameters [temperature (T), 
residence time (t), initial mass of the sample to be torrefied 
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Fig. 2 Process flow diagram of 
the experimental device under 
study 



Fig. 3 Photos of the macro¬ 
thermobalance 




Filter 


Basket 

Legs of the 
basket 


Nitrogen supply 


Exhaust 


Cold box 


containing - 
the balance 


Condenser 


Heated connexion 
between furnace 
and condenser 


Furnace 


Front View 


Side view 


Flowmeter 


Cold box 
containing 
the balance 


(m) and heating rate ((3)] has been checked using a frac¬ 
tional experimental design “2 4-1 ” of 8 experiments. It is 
generated considering m, T and P as main parameters while 
t is “aliased” with the weakest interaction. The resulting 
set of required experiments are summed up in Table 2. 

Results and Discussion 

The overall mass balance of the experiments has been 
quantified within five to ten percent error margin. In order 
to close the mass balance, the amount of tars collected has 
been adjusted accordingly to the other fractions. Such 
assumptions were based on the possibility that losses of 


tars could result from condensation in cold spots in the 
output pipes of the systems. 

Distribution of Products and By products 

Figure 4 gives a representation of the distribution of the 
products and by products obtained in the above mentioned 
experiments. It is expressed as the yield of product (or by¬ 
product) over the initial dry sample mass. Results show that 
the yield in torrefied biomass decreases as the temperature 
increases, while the corresponding by products increases. It 
can also be stated that the production of tars is always 
greater than the permanent gases one. 
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Table 2 Experiments to be performed in this work 


No. experiment 

m 

p 

T 

t 

1 

-1 

-1 

-1 

-1 

2 

1 

1 

-1 

-1 

3 

1 

-1 

1 

-1 

4 

-1 

1 

1 

-1 

5 

1 

-1 

-1 

1 

6 

-1 

1 

-1 

1 

7 

-1 

-1 

1 

1 

8 

1 

1 

1 

1 

9 

0 

0 

0 

0 

10 

0 

0 

0 

0 

11 

0 

0 

0 

0 

-1 

200 g 

5.0 °C/min 

220 °C 

20 min 

0 

300 g 

12.5 °C/min 

250 °C 

40 min 

1 

400 g 

20.0 °C/min 

280 °C 

60 min 


Composition of Permanent Gases 

Figures 5 and 6 propose an illustration of the influence of 
the operating conditions on the global composition of the 
permanent gas generated during experiments. The latter is 
expressed as a yield of gas (carbon monoxide or dioxide or 
other permanent gases) over the initial dry sample mass. 
Two conclusions can be drawn from the analysis of these 
figures: first is that the yields of permanent gases other than 
carbon monoxide and dioxide is quite insignificant and 
second is that it seems that the repartition between carbon 
monoxide and dioxide is mainly affected by temperature. 


Composition of Tars 

Figures 7 and 8 give a representation of the evolution of 
the tars collected during the experiments as a function of 
the operating conditions. This figure illustrates that the 
main condensable gases obtained during the operation are 
water and acetic acid. It should be noticed here that water 
includes the initial moisture content of the sample, hy- 
droxyacetone, methanol and formaldehyde are also detec¬ 
ted, and are characteristics of hemicelluloses thermal 
degradation [5-7]. Once again, the great influence of 
temperature can be stated. 

Results of the Analysis of Variance (ANOVA) 

Considering the section “Experimental design”, it has been 
possible to express the yields of products and by products 
as a mathematical expression of the operating parameters. 
These expressions have been obtained using the analysis of 
variance of the results and neglecting effects that have a 
coefficient proximate from the experimental error (see for 
example [4, 8, 9] for further information about this pro¬ 
cedure). It has also to be noticed that, in the range studied, 
it could not be observed any influence of the heating rate. 

Table 3 illustrates such results. More precisely, this 
table sums up the different coefficients that were obtained 
en that represent the yields of torrefied biomass, permanent 
gases and tars as a function of the operating conditions. 
These coefficients have to be used as follows in order to 
compute the yield of the corresponding products on a dry 
mass basis: 


Fig. 4 Products distribution of 
com stover torrefaction (% of 
initial dry mass of the sample) 


Gas ■ Tars ■Torrefied biomass 
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Fig. 5 Yields of carbon 
monoxide and dioxide (% of 
initial dry mass of the sample) 


Fig. 6 Yields of permanent 
gases (other than CO and C0 2 ) 
(% of initial dry mass of the 
sample) 
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where rj x stands for the yield of x (kg of x per kg of dry 
initial solid), T stands for the operating temperature (°C), t 
stands residence time at the operating temperature (min), m 
stands for the initial mass sample. 

Because of the value of the different coefficients that 
were obtained, it can be concluded first that the discrimi¬ 
nant parameter is the operating temperature (the value of 
is always higher than the other coefficients). The influences 


of the residence time and of the initial mass of the sample 
are of the same order of magnitude. 

The influence of the initial mass of the sample leads to the 
conclusion that heat and mass transfer within the sample are 
relevant and that they should be considered if the high 
capacity thermobalance was used to extract kinetic infor¬ 
mation. A model including these phenomena should be 
written to do so, and this will be the scope of a future work. 

Evolution of the Mass of the Sample Versus Time 

Important information which is brought by the experi¬ 
mental device is the mass loss versus time as a function of 
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Fig. 7 Yields of water and 
acetic acid (% of initial dry 
mass of the sample) 
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Fig. 8 Yields of 
hydroxyacetone, methanol, 
formaldehyde and formic acid 
(% of initial dry mass of the 
sample) 
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Table 3 Parameters obtained for the influence of operating param¬ 
eters by analysis of variance 





ft 

y x 


s x 

<t>x 

Permanent gases 

*1 PG 

5.8 

7.2 

1.2 

1.0 

1.7 

3.5 

Carbon monoxide 

v\co 

1.4 

2.1 

0.3 

0.3 

0.4 

0.9 

Carbon dioxide 

vico 2 

4.3 

5.1 

0.9 

0.7 

1.3 

2.6 

Tars 

VlTa 

8.1 

10.0 

1.4 

2.1 

2.5 

10.8 

Acetic acid 

vIaa 

0.5 

0.6 

0.1 

0.1 

0.2 

0.7 

Hydroxyacetone 

VI Hy 

0.1 

0.3 

0.0 

0.1 

0.1 

0.2 

Water 

Vw 

5.8 

8.4 

1.3 

1.7 

1.8 

6.5 

Torrefied biomass 

V! TB 

86.1 

-17.3 

-2.6 

-3.1 

-4.2 

-14.5 


the temperature of the sample. This temperature is mea¬ 
sured 10 mm above the centre of the sample for every 
experiment what mean that even though we do not measure 
the temperature inside the sample, the thermal conditions 
can be expected to be equivalent from one experiment to 
another. Figure 9 shows the evolution of this temperature 
which represents the following thermal history: 

• Nitrogen supply to the device until 0 2 percentage in the 
outlet gas is less than 3 %. 

• Heating at 10 °C/min until the temperature reaches 
110 °C. 

• Stage at 110 °C during 90 min. 
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Fig. 9 Example of the evolution of the temperature of the sample for 
an experiment in the center of the plan (Exp. 9, 10 or 11) 

• Heating at 12.5 °C/min until the temperature reaches 
250 °C. 

• Stage at 250 °C during 40 min. 

• End of heating. 

Figure 10 shows the corresponding mass loss of the 
sample. The initial size of the sample was 301.8 g with a 
moisture content of 6.92 % on a raw basis (a part of the 
sample was weighted before and after a stay of 24 h in a 
ventilated oven at 105 °C). As it can be seen, the sample 
begins to dry during the first 60 min under the effect of 
being in an environment with dry nitrogen. This drying step 
becomes much more intense as the heating of the furnace is 
switched on and during the stage at 110 °C. It has to be 
noticed here that the sample does not seem to be dry at the 
end of this “drying stage”. Then, as the temperature is 


further increased to 250 °C, the mass of the sample still 
decreased under the effect of the end of drying (for less 
than 1 % of the initial raw mass of the sample) and under 
the effect of thermal degradation. The final mass loss on a 
raw basis if 17.36 % what leads to a production of 88.78 % 
of the initial dry sample of Torrefied corn stover. Figure 11 
shows the comparison between fresh com stover and 
Torrefied one. It shows that the obtained Torrefied biomass 
is quite homogeneous. 


Conclusions 

Torrefaction of corn stover has been studied in this work. 
This study relies on the use of a high capacity thermobal¬ 
ance, which is a device that has been developed in the 
Laboratory for Thermal Sciences and Process (LaTEP). 
Couples with analysis apparatus, this device allows the 
determination of yields of products and by products as a 
function of operating parameters with an overall mass 
balance in the range of 5-10 % error. 

It can be concluded that the main parameter of the 
operation is the temperature at which the sample is raised 
and that the main permanent gases produced are carbon 
monoxide and dioxide while the main collected tars are 
water and acetic acid, and to a lower extent, hydroxyace- 
tone, methanol, formaldehyde and formic acid. 

Because of heat and mass transfer within the sample, the 
high capacity thermobalance could not be used at present 
time to extract kinetic information on the operation of 
torrefaction. This is the reason why a mathematical model 
based on the theory of volume averaging is being construct, 
and should allow the determination of such information in 
future work. 
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Fig. 10 Evolution of the mass of the sample (raw (kg): left , normalized (%): right) for an experiment in the center of the plan (Exp. 9, 10 or 11) 
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Fig. 11 Com stover obtained after torrefaction in the macro thermobalance 
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